Abstract-This work presents extremely compact dual-mode and dual-band bandpass filter designs based on dual-resonance composite resonators developed by using integrated passive device (IPD) technology on a glass substrate.
INTRODUCTION
Miniature component size and multi-band operation are essential in many RF/microwave circuits. In most RF receiver fronts-ends of wireless communication systems, bandpass filters are indispensable components in suppressing the input interferences. Following the development of a dual-mode bandpass filter design method [1] based on a ring resonator configuration, considerable efforts have been made to improve the construct of a square patch with a crossslot configuration [2] , a triangular open-loop resonator [3] , and a square loop resonator with tree-shaped patches [4] . However, these filers require too much area since each resonator has a perimeter of one wavelength to obtain the fundamental resonance. Among the structures designed previously to reduce filter size are an octagonal meander loop resonator [5] , disc-shaped open stub-loaded resonator [6] , E-shaped resonator [7] , and ring resonator with a saw-toothed coupling scheme [8] . Additionally, dual-band bandpass filters are implemented using the dual-mode design method. A popular solution is to impose inner stubs or loading capacitors on a dual-mode open-loop resonator [9, 10] . The inner stubs or loading capacitors developed in [9, 10] can determine the second resonant frequency and minimize the occupied area. A recent study [11] developed a single periodic steppedimpedance ring resonator configuration resulting in a controllable harmonic frequency response by designing of a number of impedance steps. In addition to dual-mode configurations, a dual-band bandpass filter can also be constructed by resonators with appropriately designed resonant frequencies. As is well known, stepped-impedance resonators (SIRs) [12, 13] can easily determine spurious frequencies by adequately selecting the impedance and length ratios in geometry. Based on SIRs structures, a dual-band bandpass filter can be readily designed using the coupling synthesis method [14] . Despite the creation of a dual-passband response by merging two sets of resonators [15, 16] , a bulky circuitry space subsequently occurs. Therefore, some works have attempted to reduce the component size by developing an alternative approach to embed a defected ground structure (DGS) resonator in a dual-plane structure [17] [18] [19] . Nevertheless, the resulting designs of the microstrip bandpass filters in previous works [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] are still not sizecompetitive with low-temperature co-fired ceramic (LTCC) [20, 21] or integrated passive device (IPD) [22] bandpass filters and are difficult to integrate with RF circuits for system-in-package (SiP) applications.
This work describes a very compact dual-mode bandpass filter and a transformer-coupled dual-band bandpass filter based on glass IPD technology. Fig. 1 illustrates the cross-sectional view and material parameters of the adopted glass IPD process. IPD is characterized by the ability to produce high-Q inductors, tight wiring, and high-density capacitors using thin-film technology to minimize the component size. Furthermore, passive components adopting this technology can be easily integrated with 3D chip stacking applications. In addition to achieving a small occupied area, the proposed dual-mode bandpass filter with a feedback capacitive coupling path provides a high stopband rejection with three transmission zeros. The proposed Figure 1 . Cross-sectional view and material parameters of the adopted glass IPD technology.
Frequency (GHz) transformer-coupled dual-band bandpass filter with mixed coupling can independently design two passband bandwidths and realize a multiple transmission-zero creation in stopband.
DUAL-RESONANCE COMPOSITE RESONATORS
This work proposes two dual-resonance composite resonators for bandpass filter designs. Resonant frequencies can be obtained by analyzing the proposed equivalent circuits of the designed resonators.
Type-I Resonator with a Grounded Inductor
Figure 2(a) shows the proposed type-I dual-resonance composite resonator circuit with a grounded inductor of L 3 attached at the symmetric plane of the circuit structure. The attached grounded inductor of L 3 provides an additional resonant frequency of ω 1 as shown in Fig. 2(b) . A larger value of L 3 moves the lower resonant frequency of ω 1 away from the higher one of ω 2 . For even and odd mode analysis of this symmetric circuit structure, the two angular resonant frequencies can be found as
In the odd mode analysis, the symmetric plane in Fig. 2(a) can be viewed as a virtual ground. Therefore, L 3 has no effect on the odd mode response, and the elements of L 1 , L 2 , and C determine the odd mode angular resonant frequency of ω 2 . In the even mode analysis, an open circuit replaces the virtual ground. The perturbation element of L 3 can be used to control the even mode angular frequency of ω 1 after designing the predetermined frequency of ω 2 .
Type-II Resonator with a Parallel Capacitor
Figures 3(a) and (b) illustrate the equivalent circuit of type-II dual-resonance composite resonator with a parallel capacitor C 2 and the corresponding magnitude response of the input impedance, respectively. The parallel capacitor of C 2 separates the singleresonance into a dual-resonance response, and the two angular resonant
Frequency (GHz) frequencies can be derived as
The lower resonant frequency of ω 1 is determined by the L 2 and C 2 , while the higher frequency of ω 2 can be determined using the other elements of L 1 , L 3 , C 1 , and C 3 .
DUAL-MODE BANDPASS FILTER DESIGN

Dual-mode Passband Design
The proposed type-I dual-resonance resonator with a grounded inductor can easily implement a dual-mode bandpass filter by simply placing a capacitively-coupled port (port 2) at the symmetrical tapped position with respect to port 1, as shown in Fig. 4 . The source/load termination is matched using the capacitor of C m . From knowledge of the two dominant resonant frequencies [14] , the coupling coefficient k with respect to Fig. 4 can be expressed as
Above equation clearly indicates that the coupling coefficient depends mainly on the perturbation element of L 3 . Fig. 5 compares the dependence of the magnitude of S 21 on three different k values of 0.4, 0.3, and 0.2, respectively. According to this figure, an increasing coupling coefficient k results in a wider bandwidth of filter. Therefore, a larger value of L 3 leads to a wider passband bandwidth for the dualmode bandpass filter design. This same figure reveals that the center frequency of the filter decreases as the value of k increases. The relation between the coupling coefficient and center frequency can be found as
For the presented dual-mode bandpass filter, the inductors of L 1 , L 2 and L 3 are used to obtain the desired coupling coefficient k using (5) to comply with the requirement of the fractional bandwidth design. After the k value is determined, the center frequency in (6) can be resolved by concisely designing the capacitor of C.
Transmission-zero Creation
Next consider high stopband rejection and passband selectivity for bandpass filter designs with the use of extra transmission zeros that are created by a capacitive feedback path [23] . Fig. 6 illustrates the equivalent circuit of the dual-mode bandpass filter with a feedback capacitor of C f , where Y 12,f ilter and Y 12,Cf denote the admittance parameters of the main path and feedback path, respectively. Figure 7 (a) illustrates the magnitude and phase responses of the two paths. The three intersection points of A, B, and C label the frequencies where the two admittance parameters of Y 12,f ilter and Y 12,Cf have the same magnitude but opposite phase. The overall admittance Y 12,total for the schematic diagram of the filter in Fig. 6 is the sum of Y 12,f ilter and Y 12,Cf . As is well known, transmission zeros occur at the frequencies where the admittance parameter Y 12,total of the two-port filters equals zero [23] . Therefore, the transmission
The Main Path : Y 12,filter Figure 6 . Equivalent circuit of dual-mode bandpass filter with a capacitive feedback path. zeros occur at the frequencies of the intersection points of A, B, and C corresponding to f z1 , f z2 , and f z3 , respectively, in Fig. 7(b) . Additionally, the locations of the three transmission zeros can be adjusted by controlling the feedback capacitor value C f .
Experimental Results
A second-order 0.5 dB equal-ripple Chebyshev bandpass filter is designed at the center frequency of 2. for passband design, and the feedback capacitor is designed as C f = 0.08 pF to create three transmission zeros in order to enhance the stopband rejection. Figures 8(a) and 8(b) show equivalent circuit and layout structure, respectively, of the proposed dual-mode bandpass filter using IPD process on a glass substrate. The IPD technology can easily provide a high-density wiring inductor to greatly reduce the component size. The grounding ring is fabricated on metal 2 layer and used to separate the outer resonator inductors of (L 1 + L 2 ) from the inner grounded inductor of L 3 . The coil spacing and coil width of the outer inductor of L 1 and L 2 are 40 µm and 20 µm, respectively. For the inner grounded inductor of L 3 , the coil spacing and coil width are 10 µm. Figure 9 (a) compares the magnitude of S 21 and S 11 between electromagnetic (EM) simulation and measurement for the proposed dual-mode bandpass filter design, indicating a good agreement over a frequency range of up to 10 GHz. Notably, the EM simulation is based on a full-wave analysis using ANSYS Ansoft HFSS. The measured insertion loss in the passband is less than 1.8 dB, and the passband return loss is better than 11 dB. Additionally, the feedback capacitor of C f shown in Fig. 6 leads to three transmission zeros at 0.6, 4.4, and 6.8 GHz to suppress the outband rejection. Fig. 9(b) shows the IPD chip photograph. The occupied chip area for the dual-mode bandpass filter, excluding the feedlines and test pads, is 0.6 mm × 0.6 mm, which reveals an extremely compact size. Table 1 compares experimental results with several recent works implemented on printed circuit board (PCB), LTCC, and silicon IPD process. The comparison reveals that the proposed dual-mode bandpass filter has the smallest component size with a similar insertion loss in the passband.
DUAL-BAND BANDPASS FILTER DESIGN
Dual Passband Design
This work implements a transformer-coupled dual-band bandpass filter using a very compact planar transformer configuration based on the coupled resonator synthesis method [14] . Fig. 10 illustrates the equivalent circuit of the proposed transformer-coupled dual-band bandpass filter. The equivalent circuit comprises a pair of the type-II dual-resonance resonators in Fig. 3(a) with magnetic coupling k M , electrical coupling k E , and parasitic capacitance C c between the two resonators. The magnetic coupling k M results mainly from the transformer mutual inductance, and the electrical coupling Figure 10 . Equivalent circuit of the designed dual-band bandpass filter. attributed to the mutual capacitance between the two capacitors of C 1 and C 3 . Additionally, the source/load impedance for passband design can be matched by applying a tapped feed-line mechanism at port 1 and 2 [14] on the inductor L 1 . Figure 11 compares the simulated magnitude of S 21 of the transformer-coupled dual-band bandpass filter by varying either the magnetic coupling coefficient k M or the electrical coupling coefficient k E . Fig. 11(a) shows the magnitude of S 21 with three different k M values of 0.23, 0.3, and 0.35 under the same k E value of 0.2. According to this figure, the first passband bandwidth in the lower frequency range increases with an increasing k M , which meanwhile decreases the second passband bandwidth. Fig. 11(b) demonstrates the magnitude of S 21 with three k E values of 0.15, 0.2, and 0.25 under the same k M value of 0.3. One can observe from Fig. 11(b) that a larger value of k E increases the bandwidth of the second passband without altering the first passband response. Therefore, the bandwidth of the first passband can be designed using the magnetic coupling coefficient k M and then the second passband is determined independently by using the electrical coupling coefficient k E .
Transmission-zero Mechanism
In addition to achieving the desired specification of passband response, four transmission zeros of T z1 , T z2 , T z3 , and T z4 in Fig. 11 are created to increase not only the rejection at the stopband but also the isolation between the two passbands. A previous work [24] demonstrated that a design of bandpass filter with a coexistence of electric coupling and magnetic coupling can produce transmission zeros in the stopband. Based on this concept, the transmission zeros of T z1 and T z2 on both sides of the first passband come from the mixed k M -coupling and C ccoupling. A larger value of C c pushes the two transmission zeros of T z1 and T z2 closer to the first passband. Similarly, the other two transmission zeros of T z3 and T z4 are derived from the combined effects of k M and k E . A weaker electrical coupling coefficient of k E moves the transmission zeros of T z3 and T z4 toward the second passband. Consequently, in addition to determining the two passband bandwidths, the magnetic and electrical couplings can also create four transmission zeros to enhance the stopband rejection and the isolation between the two passbands.
Experimental Results
The proposed second-order dual-band bandpass filter is designed at the center frequencies of f 1 = 2 GHz and f 2 = 4.8 GHz, and the lump element values to obtain the two desired resonant frequencies using (3) and (4) are L 1 = 1.15 nH, L 2 = 1.4 nH, L 3 = 0.4 nH, C 1 = 1.2 pF, C 2 = 3.3 pF, and C 3 = 5 pF. This second-order bandpass filter adopts the Chebyshev 0.5 dB equal-ripple design with the prototype elements of g 1 = 1.403, g 2 = 0.707, and g 3 = 1.984. The fractional bandwidths of the first and second passbands are ∆ 1 = 30% and ∆ 2 = 20%, respectively. The coupling coefficients and external quality factors [14] can be estimated as k 1 
Figures 12(a) and 12(b) show equivalent circuit and layout structure, respectively, of the designed transformer-coupled dual-band bandpass filter using glass IPD technology. The magnetic coupling coefficient k M for the first passband is provided by designing the coil turn spacing S c1 of the transformer. The coupling spacing of S c2 between the two stubs with the capacitors of C 1 and C 3 , respectively, supplies the electrical coupling k E to determine the second passband response. To satisfy the calculated coupling coefficients of k 1 = 0.3 and k 2 = 0.2, the coil turn spacing of S c1 = 30 µm and the coupling spacing of S c2 = 10 µm are determined. The tapped feed position of P t = 0.51 mm is used to match the estimated external quality factors of Q e1 = 4.7 and Q e2 = 7. Figure 13 shows the results and structure of the glass IPD transformer-coupled dual-band bandpass filter design. Fig. 13(a) compares the magnitude of S 21 and S 11 between EM simulation and measurement results, showing a good agreement within 10 GHz. The measured insertion losses of the first and second passbands are 1.5 dB and 2.5 dB, respectively, and the measured return losses are both better than 18 dB. The maximum attenuation between the two passbands is more than 20 dB owing to the transmission zero at 3.4 GHz. The other three transmission zeros at 0.8, 5.5, and 8.5 GHz cause a stopband attenuation of more than 20 dB. Fig. 13(b) displays the photograph of the actual device. The occupied area of the designed glass IPD dualband bandpass filter, excluding the outer ground ring and test pads, is 1 mm × 0.9 mm. Table 2 compares the presented measurement results with those of other works using PCB and LTCC process, indicating that our work has the smallest component size with a reasonable insertion loss in the two passbands.
CONCLUSION
This work has developed super compact dual-mode and dual-band bandpass filter designs using the proposed dual-resonance resonators based on glass IPD technology. The proposed dual-mode bandpass filter adopts a symmetrical composite resonator with a grounded inductor. Advantages of the dual-mode filter design include an extremely small component size and ease of determining the operating bandwidth by designing the grounded inductor. Additionally, a capacitive feedback path between the input and output ports creates three transmission zeros to enhance the desired stopband rejection. Moreover, the proposed dual-band bandpass filter is implemented on a miniaturized transformer-coupled configuration. In addition, the fractional bandwidths of the two passbands are individually designed by using the magnetic and electrical coupling mechanisms.
Furthermore, the coexistence of electrical and magnetic couplings in the filter configuration introduces four transmission zeros to significantly enhance the outband rejection and improve the isolation between the two passbands.
